ABSTRACT Three experiments were conducted to explore dietary means (particle size, enzyme addition, bile salts addition, and feed pelleting) of minimizing the antinutritive effects of cell wall-nonstarch polysaccharides of flaxseed. Broiler chickens were fed corn-soybean meal-based diets containing 15% of full-fat flaxseed from 5 to 18 d. The effects of 2 enzyme preparations containing viscosity-reducing or cell wall-degrading activities on growth performance and nutrient digestibility were evaluated in experiment 1. Enzyme addition had beneficial effects (P < 0.05) in increasing nonstarch polysaccharide digestibility and reducing intestinal viscosity. However, no differences in growth performance or fat digestibility were observed between the enzyme types. Therefore, the enzyme supplement containing both viscosity-reducing and cell wall-degrading activities was used in subsequent studies. A 2 × 2 × 2 factorial arrangement was used in experiment 2 to investigate the effects of particle size (coarse vs. fine), enzyme supplementation, and bile salt addition on the nutritive value of flaxseed for broiler chickens. In experiment 3, a 4 × 2 factorial arrangement was used to further investigate the effects of feed processing (whole seed, coarsely ground seed, and finely ground seed in pelleted diets or finely ground seed in mash diets) and enzyme addition on growth performance and fat utilization. Bile salt addition did not improve fat digestibility. Particle size reduction via grinding had no significant effect on growth performance no matter if present in the mash or pelleted diets. When compared with grinding, feed pelleting showed more pronounced and beneficial effects on growth performance particularly when whole, intact seeds were used, indicating a potential for using whole flaxseed in the pelleted diets. Enzyme addition resulted in an increase in total tract fat digestibility by 3 to 6%, which was reflected in an improved feed conversion ratio by 1 to 3%, regardless of the processing method used (P < 0.05). In conclusion, enzyme addition and feed pelleting offer practical solutions to improve the nutritive value of flaxseed for broiler chickens.
INTRODUCTION
Flaxseed is a rich source of protein (22%), oil (34%), and α-linolenic acid (ALA, 50% of oil), and its use in poultry diets to produce n-3-enriched eggs or meat products has attracted interest in the poultry industry (Leeson and Summers, 2005) . However, low energy utilization and poor growth performance have been observed in broiler chickens fed flaxseed-containing diets (Ajuyah et al., 1991; Lee et al., 1991; Ortiz et al., 2001; Alzueta et al., 2003) . Such adverse effects have been attributed to the various antinutritional factors present in flaxseed (Bhatty, 1995) , including high levels of cell wall-nonstarch polysaccharides (NSP). Oil is the main energy source in flaxseed, with oil droplets located in the cotyledon cells that are surrounded by the thick walls of polysaccharides. When compared with other ingredients of poultry diets, flaxseed contains relatively high amounts of NSP (i.e., 165.2 mg/g, full-fat basis), with 46% of those being water-soluble (Jia et al., 2009 ).
Poultry do not possess endogenous enzymes capable of cleaving and digesting cell wall components, which form a physical barrier and thus reduce oil exposure to digestive enzymes and less-than-optimum energy utilization from flaxseed (Lee et al., 1995) . A significant negative correlation between the degree of seed rupture on grinding and AME n content has been reported for canola seeds (Danicke et al., 1998) .
Mucilage is an important water-soluble polysaccharide of flaxseed and has been reported to increase the viscosity of intestinal contents in broiler chickens Alzueta et al., 2003) with the viscous environment causing a significant inhibition of digestion and absorption of dietary nutrients, with fat digestibility suffering the most among the macronutrients (Smits et al., 1997) . Possible mechanisms involved include a reduced diffusion rate between digestive secretions (i.e., lipases and bile salts) and their substrates (Ikegami et al., 1990) , less mixing of chyme (Edwards et al., 1988) , and an increased apparent thickness of intestinal unstirred layer (Johnson and Gee, 1981) . As a result, emulsification and hydrolysis of dietary lipids, micelle formation, and their transport to the epithelial surface may be impaired by high intestinal viscosity. Under such conditions, small intestine microflora may proliferate and lead to a subsequent excessive deconjugation of bile salts (Feighner and Dashkevicz, 1988; Choct et al., 1996; Smits et al., 1997; Langhout et al., 1999) , which may further reduce their efficacy in lipid emulsification and micelle formation (Krogdahl, 1985) . Addition of NSP-degrading enzymes has been demonstrated to be effective in reducing viscosity caused by arabinoxylans and β-glucans of cereal grains (Burnett, 1966; Choct and Annison, 1992) . The use of dietary enzymes to target NSP of flaxseed is a relatively new initiative, with some reports from this laboratory demonstrating their potential beneficial effects in poultry nutrition (Slominski et al., 2006; Jia et al., 2008) . Despite the fact, however, that the enzyme cocktails were effective in cell wall polysaccharide depolymerization, they were not effective in reducing the viscosity of flax mucilage (Slominski et al., 2006) . Therefore, 3 experiments were conducted to further explore dietary means to overcome antinutritive effects of flax polysaccharides and to increase the nutritive value of this ingredient for poultry. The effects of multicarbohydrase supplementation, particle size reduction on grinding, feed pelleting, and bile salt addition on growth performance and fat digestibility were investigated with young broiler chickens fed corn-soybean meal-based diets containing 15% of full-fat flaxseed. The viscosity-reducing enzyme preparations used in the study were screened in a preliminary in vitro experiment, whereas the cell wall-degrading enzyme was selected based on earlier research from this laboratory (Slominski et al., 2006) .
MATERIALS AND METHODS

In Vitro Viscosity-Reducing Enzyme Evaluation
An incubation study was conducted to screen for viscosity-reducing enzymes using a mucilage isolate as a substrate. For mucilage isolation, whole flaxseed samples (50 g each) were extracted with distilled water (1:8, wt/vol) by stirring the seed in the environmentally controlled shaker for 1 h at 40°C. The samples were then centrifuged at 1,990 × g and 20°C. The extraction was repeated twice. The supernatants were frozen, freeze-dried, and the mucilage collected. For enzyme evaluation, 7 mL of mucilage solution (50 mg of mucilage in 0.1 M sodium acetate buffer, pH 5.2) was incubated without or with enzyme addition at 20:1 wt/wt substrate:enzyme ratio for 1 h at 40°C. After incubation, the viscosity of the solution was determined at 40°C using the Brookfield digital viscometer (model DV-II+LV, Brookfield Engineering Laboratories, Stoughton, MA). The following enzyme preparations were evaluated: cellulase, 600 U/g, mannanase, 7,900 U/g (C); pectinase, 10,000 U/g (P); and xylanase, 13,900 U/g, glucanase, 19,600 U/g (XG), alone and in combinations C + P (50:50 wt/wt), C + XG, (50:50 wt/wt), P + XG (50:50 wt/wt), and C + P + XG (33:33:33 wt/wt).
Experiment 1
An experiment was conducted to evaluate the efficacy of 2 NSP-depolymerizing enzymes on fat utilization and growth performance of broiler chicken. Enzyme A, which was found to be the most effective in the in vitro study, was the viscosity-reducing enzyme and contained 300 U of cellulase, 5,000 U of pectinase, 3,950 U of mannanase, and some xylanase and glucanase side activities per gram of premix. Enzyme B was used as a cell wall-degrading activity with some viscosity-reducing capability and contained 200 U of cellulase, 3,000 U of pectinase, 3,300 U of xylanase, 2,500 U of glucanase, and 2,700 U of mannanase per gram of premix. The experimental treatments included a corn-soybean mealbased control diet containing 15% of full-fat flaxseed, and the control diet was supplemented with enzyme A or B at 2 levels: 0.02% or 0.05%, giving a total of 5 treatments. The flaxseed used in the study was a foodgrade product and was provided by the Flax Council of Canada, Winnipeg, Manitoba. The seed was hammermilled to pass through a 3.5-mm sieve using a Wiley mill standard model no. 3 grinder (Arthur H. Thomas Company, Philadelphia, PA).
Experiment 2
A 2 × 2 × 2 factorial arrangement of 8 dietary treatments was used to evaluate the effects of flaxseed particle size (coarse vs. fine; 15% of diet) and an addition of a multicarbohydrase enzyme (none vs. 0.05%) or bile salts (none vs. 0.05% of bile extract containing glycine and taurine conjugates of hyodeoxycholic acid; Sigma B8631, Oakville, Ontario, Canada), or both, on nutrient utilization and growth performance of broiler chickens. Ground, feed-grade flaxseed (i.e., coarse) was used in this experiment and was obtained from a local feed mill. To produce a finely ground seed, the sample was reground twice in a hammer mill using a 3.5-mm sieve. Enzymes A and B used in experiment 1 were reformulated to generate a new enzyme preparation with equal effects on viscosity reduction and cell wall degradation. The enzyme product provided 1,400 U of pectinase, 160 U of cellulase, 2,400 U of xylanase, 1,200 U of gluca-nase, 1,500 U of mannanase, 50 U of galactanase, and other minor enzyme activities per kilogram of diet.
Experiment 3
A 4 × 2 factorial arrangement of 8 dietary treatments was used to further investigate the effects of particle size, enzyme addition, and feed pelleting on the nutritive value of full-fat flaxseed for broiler chickens. The pelleted diets contained 15% of whole (intact) flaxseed, coarsely ground flaxseed, and finely ground flaxseed. The latter product was also used in mash diets (15% of diet) without and with enzyme supplementation. To produce the coarsely ground sample, the seeds were premixed with corn (1:1, wt/wt) to facilitate their flowability during grinding. The flaxseed-corn mixture was hammer-milled to pass through a 3.5-mm sieve using a Wiley mill standard model no. 3 grinder. To produce the finely ground sample, the mixture was ground to pass through a 2-mm sieve. The enzyme preparation used in this study was the same as that used in experiment 2. To minimize enzyme inactivation, the pelleting temperature did not exceed 70°C.
To determine particle size distribution, the samples of ground flaxseeds or flaxseed-corn mixtures (30 g) were sieved using a set of Endecotts (London, UK) sieves of 2.0, 1.0, and 0.5 mm. The samples were shaken with the aid of an Endecotts Test Sieve Shaker for 20 min. The sample mass recovered from each sieve was expressed as percentage of the total sample used. Average particle size distribution of coarse and fine seed samples used in experiments 2 and 3 are presented in Table 1 .
Birds, Management, Sample Collection, and Chemical Analysis
One-day-old male Ross-308 broiler chickens were obtained from a local commercial hatchery. The birds were held in electrically heated Jamesway battery brooders (James Mfg. Co., Mount Joy, PA) for a 4-d preexperimental period to ensure a complete yolk sac lipid absorption and were fed commercial chick starter crumbles (21% CP). On d 5, birds were fasted for 4 h, individually weighed, and randomly distributed among treatments. There were 5 birds per pen and 16 (in experiment 1) or 10 (in experiments 2 and 3) replicate pens per treatment giving a total of 400 birds per each experiment. Experimental diets (antibiotic-and coccidiostat-free) were prepared less than 5 d before each experiment to minimize the potential for lipid oxidation and were fed for 14 d (5 to 18 d of age). All diets were formulated to contain 3,000 kcal/kg of ME and 21% CP ( Table 2 ). Birds had free access to water and feed and were provided with continuous light. Body weight and feed intake were recorded on d 18 with pen as the experimental unit. Mean BW gain, feed intake, and feed conversion ratio (FCR) were calculated to determine growth performance. All animal procedures were conducted according to the guidelines of the Canadian Council on Animal Care (1993) . Mortality in all experiments was very low and averaged 1.3% for experiment 1 and 0.8% for experiments 2 and 3.
At the termination of experiments 1 and 2, excreta samples from each pen were collected over a 3-h period and immediately frozen at −20°C. Samples were then freeze-dried, finely ground, and pooled to produce 4 replicates per treatment in experiment 1 and 5 replicate samples in experiment 2. The pooled excreta samples were then subjected to analyses of fat (method 920.39, AOAC, 1990) , NSP (only in experiment 1, Slominski and Campbell, 1990) , and chromic oxide contents (Williams et al., 1962) . On d 19, sixteen birds (experiment 1) or 12 birds (experiment 2) were randomly selected from each treatment and were killed by cervical dislocation. The contents of jejunum were collected and were pooled to yield 8 replicate samples per treatment in experiment 1 and 6 samples in experiment 2. In addition, fresh digesta samples (1.5 g) were collected, centrifuged 1 Quadruplicate samples were tested for particle size in experiment 2 and triplicate samples in experiment 3. No intact seeds were found in finely ground flaxseed samples used in both experiments, whereas 6.7% of intact seeds was found in the coarsely ground sample used in experiment 2 and 0.6% was found in the coarsely ground flaxseed-corn sample used in experiment 3.
2 Not present.
at 3,600 × g for 10 min at 20°C, filtered through a filter cartridge containing Whatman 541 filter paper (Whatman International Ltd., Maidstone, UK), and viscosity of the filtrate was determined at 40°C using the Brookfield digital viscometer (model DV-II+LV, Brookfield Engineering Laboratories). In experiment 2, the contents of ileum (from Meckel's diverticulum to ileocecal junction) were also collected, freeze-dried, finely ground, and pooled to yield 2 replicates per treatment with each replicate representing digesta from 6 birds. The pooled ileal samples were then subjected to fat, NSP, and chromic oxide analysis. In experiment 3, twelve birds were randomly selected from each treatment on d 19 and killed by cervical dislocation. Intestinal contents from the ileum were collected, freeze-dried, finely ground, and pooled to yield 3 replicate samples per treatment. The pooled samples were then subjected to analyses of fat and titanium dioxide contents (Lomer et al., 2000) . Apparent total tract and ileal digestibilities of fat and NSP were calculated as described earlier (Slominski et al., 2006) .
Statistical Analysis
All studies were set up as completely randomized designs, and data were tested by the GLM procedure of the SAS program (version 9.1, SAS Institute Inc., Cary, NC). Results were presented as means ± SEM. Means were separated by Tukey's honestly significant difference. All statements of significance are based on P ≤ 0.05.
RESULTS
The in vitro study (Table 3 ) demonstrated that enzyme addition resulted in a significant reduction of mucilage viscosity. The 3 enzyme combinations containing pectinase (C + P, P + XG, and C + P + XG) but not pectinase alone were found to be the most effective, with C + P showing a viscosity reduction from 10.0 to 2.6 mPa·s. Therefore, this combination (C + P) was Means within a column with no common superscript differ significantly (P < 0.05).
1 Mean of triplicate determination.
used as a viscosity-reducing enzyme (enzyme A) in a subsequent in vivo study (experiment 1). In experiment 1 (Table 4) , all enzyme supplements significantly improved FCR and increased total tract digestibilites of fat and NSP by an average of 2.8, 5.7, and 9.3%, respectively, in broiler chickens fed cornsoybean meal-based diets containing 15% of flaxseed. When compared with 0.02% of enzyme addition, no further improvement in growth performance was noted for the 0.05% enzyme-containing diets; in addition, no difference in growth performance was observed between the 2 types of enzyme supplements used. Enzyme addition resulted in decreased digesta viscosity, which was significant only at the 0.05% enzyme inclusion rate.
In experiment 2, 41% of material in flaxseed samples was between 2.0 to 1.0 mm for the coarsely ground seeds, whereas 52% of material was between 1.0 to 0.5 mm for the finely ground seeds ( Table 1 ). The main effect of particle size was not significant for all of the measurements examined. However, an increased ileal fat digestibility was noticed with birds fed diets containing finely ground flaxseed (Table 5 ). Enzyme addition significantly reduced FCR regardless of particle size or bile salt addition. This was accompanied by a decreased digesta viscosity as well as increased digestibilities of NSP (by 6%) and fat (by 4.6 and 3.4% at the ileal and total tract levels, respectively). Bile salt addition had no effect on all of the parameters studied except that it interacted with the particle size for feed intake. Regardless of enzyme addition, feed intake of birds fed diets containing the coarsely ground flaxseed increased after bile salt addition (coarse, no bile salt vs. coarse, bile salt: 674.0 vs. 698.7 g, P = 0.03), whereas no significant difference was found among birds fed the finely ground seed (680.3 vs. 664.1, P = 0.15). Feed intake and BW gain were not affected by either particle size or enzyme addition.
Using corn as a carrier facilitated the grinding process because both coarsely and finely ground seeds used in experiment 3 were finer than their counterparts in experiment 2 (Table 1) . Among the pelleted diets, birds consuming diets originally containing whole, intact seeds showed a lower ileal fat digestibility than those fed the ground seeds (Table 6 ). However, no difference in growth performance was observed due to particle size among birds fed pelleted diets. When mash diets were fed, birds consumed less feed and gained less weight compared with those fed the pelleted diets regardless of enzyme addition. The FCR value in birds fed mash diets was higher than that in pelleted diets containing finely ground flaxseeds but was not significantly different from those fed diets containing whole or coarsely ground seeds. Enzyme addition decreased the feed intake without affecting BW gain. Consequently, FCR decreased significantly by 2.5% and ileal fat digestibility increased by 5.3% after enzyme addition, regardless of the processing method used.
DISCUSSION
Earlier research from this laboratory has demonstrated that flaxseed contains a considerable amount of NSP with similar proportions of water-insoluble to water-soluble fractions (54 vs. 46%; Jia et al., 2009 ). Water solubility is an important characteristic that determines the antinutritive activities of NSP in broiler diets (Smits and Annison, 1996) . In addition, the water-insoluble NSP components act as a physical barrier and encapsulate nutrients within the cotyledon cells. This has been substantiated in a TME n assay with fullfat flaxseeds showing a lower energy value than their corresponding meal and oil mixture (3.7 vs. 5.1 kcal/g; Lee et al., 1995) . On the other hand, the water-soluble fraction, including mucilage, was found to increase vis- Means within a column with no common superscript differ significantly (P < 0.05). 1 Four hundred broiler chickens were randomly assigned to 5 treatments with 16 replicate pens per treatment and 5 birds per pen. On d 18, excreta samples were collected from each pen and pooled to yield 4 replicates per treatment for digestibility determination. On d 19, sixteen birds per treatment were killed and jejunum digesta were collected and pooled to yield 8 replicate samples for viscosity determination.
2 Feed conversion ratio. 3 Contained 300 U of cellulase, 5,000 U of pectinase, 3,950 U of mannanase, and some xylanase and glucanase side activities per gram of premix. 4 One value in control + enzyme A, 0.02%; Control + enzyme A, 0.05%; and control + enzyme B, 0.05% was missing and thus SEM = 1.6 for these 3 treatments.
5 Contained 200 U of cellulase, 3,000 U of pectinase, 3,300 U of xylanase, 2,500 U of glucanase, and 2,700 U of mannanase per gram of premix. Means within a column and within a source with no common superscript differ significantly (P < 0.05). 1 Four hundred broiler chickens were randomly assigned to 8 treatments with 10 replicate pens per treatment and 5 birds per pen. On d 19, twelve birds per treatment were killed and ileal digesta were collected and pooled to yield 3 replicate samples for fat analysis.
cosity of intestinal contents of broiler chickens Alzueta et al., 2003) . The results of the current study confirmed that the viscosity determined in the jejunum was high and ranged from 8.8 (Table 5 ) to 17.1 mPa·s (Table 4) in broiler chickens fed diets containing 15% of flaxseed with no enzyme added. The variation in viscosity values observed in the current study may be due to the origin of flaxseed used. In this regard, the samples used in experiment 1 and 3 were of food grade and most likely contained more NSP due to minimal contamination with foreign material than the feed-grade sample used in experiment 2. This seemed to be reflected in the higher NSP content of diets used in experiments 1 and 3 ( Table 2 ). The geographical regions of flaxseed may also contribute to this variation. Oomah et al. (1995) reported that the content of water-soluble polysaccharides ranged from 3.6 to 8.0% in 109 samples of flaxseed analyzed. In addition, mucilage isolated from different flax cultivars exhibited different rheological properties with viscosity varying over a wide range from 0.02 to 0.28 Pa·s when using a 1% solution (Wannerberger et al., 1991) . Ortiz et al. (2001) observed that increasing dietary flaxseed content in broiler chicken diets from 4 to 24% decreased the AME n value from 3,260 to −100 kcal/kg, which clearly indicated that flaxseed interfered with the utilization of energy from other dietary ingredients as well. Alzueta et al. (2003) reported that the inclusion of 16% of flaxseed decreased the digestibilities of total fatty acids from 89 to 60% and ALA from 74 to 43%. The digestibility values were restored to 80 and 73% for total fatty acids and ALA, respectively, after removal of the mucilage fraction from flaxseed. The authors concluded that the presence of mucilage was responsible for impaired energy utilization from the flaxseed-containing diets.
The success of applying xylanase and β-glucanase to depolymerize the indigestible cell wall polysaccharides such as arabinoxylans in wheat or β-glucans in barley has stimulated interests in developing the NSP-degrading enzymes for oilseeds. In this context, understanding the substrate structure is critical for the development of an effective product. Flaxseed is known to contain pectic polysaccharides, which are probably the most complex class of cell wall polysaccharides. Pectic polysaccharides consist of a family of acidic rhamnogalacturonans and several neutral polysaccharides including arabinans, galactans, and arabinogalactans, which are believed to be covalently attached to the rhamnogalacturonan backbone (Bacic et al., 1988) . Pectic polysaccharides do not exist alone and they interconnect with cellulose and other polysaccharides within the cell wall matrix (Darvill et al., 1980) . The information on the structure of the cell wall components of flaxseed, however, is limited except for mucilage. Mucilage is present in the outermost layer of the hull and consists of 2 fractions, a neutral fraction composed of arabinoxylans and an acidic pectin-like fraction consisting of rhamnose, galactose, and galacturonic acid residues (Cui et al., 1994) . In agreement with our previous research (Slominski et al., 2006) , the current in vitro study demonstrated that the reduction of viscosity was more pronounced when enzyme products were used in combination (Table 3) , which is not surprising considering the complexity and heterogeneity of the flax cell wall polysaccharides. Although mucilage arabinoxylans have been suggested to be responsible for the viscous property of mucilage (Cui et al., 1994) , Carré (2002) documented that a commercial xylanase preparation was much more effective in arabinoxylan depolymerization of wheat than flaxseed. It is of interest to note that in the current study enzyme combinations containing pectinase but not pectinase alone were most effective in viscosity reduction (Table 3 ). This would indicate that in addition to pectinase, other NSP-degrading enzymes are needed to facilitate the hydrolysis of mucilage.
Enzyme A composed of C + P decreased the viscosity of mucilage solution in vitro by 74%. The results of experiment 1 (Table 4 ) demonstrated, however, that a relatively high inclusion rate of enzyme (i.e., 0.05%) was needed to reduce the viscosity of intestinal contents in vivo. Even though enzyme A was used at 0.05%, the viscosity values of jejunum digesta still remained relatively high (10.0 mPa·s, Table 4 ) and much higher than the intestinal viscosity of 3.0 to 5.0 mPa·s observed in broiler chickens fed diets based on Canadian wheats (Meng, 2005) . The reason for such a discrepancy in enzyme efficacy in vitro and in vivo is not clear. In the last few years, xylanase inhibitors in wheat have been found responsible for compromising the efficacy of exogenous xylanase added to poultry diets (Ponte et al., 2004) . However, no similar inhibitors have been reported for flaxseed. Nevertheless, such a response indicates that certain feed compounds or conditions in the gut may interfere with the activity of viscosity-reducing enzymes. Therefore, although fat digestibility increased after enzyme addition in all 3 experiments, the inhibition of fat utilization caused by digesta viscosity was not totally eliminated.
Enzyme B used in experiment 1 has been previously demonstrated to be effective in cell wall polysaccharide depolymerization with a minimal effect on viscosity reduction (Slominski et al., 2006) . However, no difference was observed between the 2 types of enzymes used in the current study (Table 4 ). Lack of difference was probably due to the fact that feed enzymes are crude preparations and would contain some side activities, including xylanase and glucanase, which were present in enzyme A as well. Therefore, it is difficult to differentiate between the effects of enzymes on cell wall degradation or viscosity reduction. In subsequent experiments, the 2 enzyme preparations were used in concert and contained activities toward both viscosity reduction and disruption of the cell wall structure. This enzyme preparation was similar to that used in our earlier research (Slominski et al., 2006) . The results showed that in addition to the decrease in viscosity, cell wall polysaccharide depolymerization by this enzyme combination was reflected in increased ileal digestibility of NSP (from 8.6 to 14.6%; Table 5 ). Overall, the benefits of enzyme supplementation were reflected in the increased total tract fat digestibility by 3 to 6% and improved FCR by 1 to 3%. Such beneficial effects most likely resulted from the disruption of the cell wall structure allowing for a better access of digestive enzymes to their corresponding substrates (i.e., oil) and to certain degree elimination of the constrains associated with intestinal viscosity and nutrient digestion and absorption.
Low concentration of bile salt in the intestinal contents is considered to be the most limiting factor in the utilization of dietary lipids by young birds (Krogdahl, 1985) . The efficacy of bile salts in lipid digestion and absorption may be further reduced under the conditions of high intestinal viscosity due to a reduced convection and diffusion or an increased microbial bile salt deconjugation (Edwards et al., 1988; Feighner and Dashkevicz, 1988) , or both. Feeding psyllium (a gelforming polymer that does not bind bile acids in vitro) to rats increased the excretion of fecal bile acids and total steroids as well as upregulated bile acid biosynthesis (Buhman et al., 1998) . Smits et al. (1998) also demonstrated that the addition of a nonfermentable gelling fiber (carboxymethylcellulose) decreased apparent lipid digestibility by reducing the concentration of bile acids in the chyme of broiler chickens. However, addition of 0.05% bile extract in the current study had no effects on fat digestibility (Table 5 ). This is in agreement with reports by Kussaibati et al. (1982) indicating that the addition of bile salts markedly improved the digestibility of long-chain saturated fatty acids in conventional birds, whereas its effect was marginal for long-chain unsaturated fatty acids. Such a response may be due to the fact that unsaturated fatty acids (e.g., ALA in flaxseed) are more effectively absorbed than the saturated ones. Garrett and Young (1975) found that although bile salts were important for optimum absorption, considerable amounts of long-chain unsaturated fatty acids can be absorbed even in the absence of bile salts (oleic acid, 86 to 94% vs. 35 to 46%, with or without bile salts). In the current study, the interaction of bile salt with particle size for feed intake is difficult to explain.
Studies by Danicke et al. (1998) suggested that when full-fat canola seeds were fed to broiler chickens, appropriate grinding of the seed was critical for oil utilization. A marked increase in the fat digestibility and dietary AME n was observed when the average particle size of seeds was decreased to ≤0.56 mm and the effect was more pronounced for broiler chickens than for laying hens. In addition, the whole and intact seeds may pass through the digestive tract undigested due to their small size. Results of the current study showed that particle size reduction via grinding increased ileal fat digestibility but did not affect the growth performance of broiler chickens in either mash (Table 5) or pelleted diets (Table 6 ). This would indicate that seed coat rupture is of primary importance more so than any further particle size reduction. However, it is of interest to note that processing tended to increase the susceptibility of diets to NSP-degrading enzymes (Table 6 ). Enzyme addition had no effect on FCR in birds fed pelleted diets containing whole flaxseed, whereas an improvement from 1 to 4% was observed in those fed pelleted diets containing ground flaxseed and the highest improvement of 5% was observed in those consuming the mash diets containing finely ground flaxseed (process × enzyme, P = 0.08). In comparison with grinding, feed pelleting showed a pronounced effect on growth performance. It would appear that the pressure forcing feed ingredients leaving the conditioner through the holes in a pellet die and the steam imposed during the pelleting process may facilitate an effective rupture of the seed, disruption of the cell wall structure, and thus better exposure of oil to digestive enzymes. In addition, some antinutritional factors present in flaxseed (i.e., trypsin inhibitors and enzymes responsible for the conversion of cyanogenic glycosides to toxic end products) could be inactivated by heat employed during the pelleting process (Feng et al., 2003) .
In conclusion, high levels of NSP in flaxseed would have some antinutritional effects by causing a high intestinal viscosity and encapsulating dietary lipids. Particle size reduction via grinding had no significant effects on growth performance of broiler chickens no matter if present in the mash or pelleted diets. Therefore, fine grinding of the seed would not be recommended. When compared with grinding, pelleting had more pronounced and beneficial effects. Pelleting of diets containing intact seeds was found to be very effective in achieving an optimum growth performance, indicating that the use of whole seeds in pelleted diets would be feasible. Enzyme addition may further improve fat digestibility and FCR of birds, particularly when used in mash diets. In conclusion, physical rupture of the seed and disruption of cell wall structure via diet pelleting and the addition of NSP-degrading enzyme offer practical solutions to improve the nutritive value of flaxseed.
